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ABSTRACT 
Since the first report of single-molecule detection using the biological nanopore 
alpha-hemolysin in 1996, nanopores have grown substantially more versatile. The genetic 
and chemical modification of biological nanopores and the fabrication of synthetic 
nanopores in solid-state membranes have enabled detection of analytes ranging in size 
from single nucleotides to large protein complexes. Among the most promising 
applications of nanopores is single-molecule sequencing, which has the potential to 
become a routine part of medical care, is compatible with long read lengths, and can 
detect epigenetically modified bases. Yet in order to further develop nanopores as useful 
tools for basic research as well as commercial applications, their temporal and spatial 
limitations must be addressed. Free electrophoretic threading of nucleic acids through a 
nanopore allows for discrimination based on large features (e.g. , molecular length), but is 
too fast to resolve smaller features (e.g., single nucleotide identity). The first aim of this 
research is to enhance the temporal resolution of nanopores by tuning their electrostatic 
interaction with translocating molecules via chemical modification of the nanopore 
surface. To this end, we designed and fabricated pH-sensitive chemically coated 
nanopores to slow the translocation of DNA molecules. A practical nanopore sensing 
Vll 
device relies on taking measurements from many pores in parallel to provide sufficient 
robustness (through redundancy) and throughput. Optical detection facilitates parallel 
throughput, but requires coupling between an analyte feature and a fluorescence source. 
The second aim is to enhance nanopore spatial resolution via optical detection of 
chemically activated fluorescence signals associated with single nanopores under total 
internal reflection (TIR) illumination. We performed numerical simulations of the 
concentration field of donor molecules near a nanopore and showed that nanopores are 
theoretically capable of discriminating between features separated by ~ 1 nm or less, a 
distance that far exceeds the resolution offered by TIR illumination. Finally, we use 
fluorescence signals to detect unlabeled DNA translocation through spatially addressed 
.. 
nanopores. With this aim we experimentally validate our theoretical predictions and 
demonstrate a novel highly parallel near-field chemo-optical detection scheme. 
Vlll 
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Chapter 1: Introduction to Nanopores as Single-Molecule Sensors 
1.1 Principles ofNanopore-Based Single-Molecule Sensing 
Nanopore-based single-molecule sensors are being developed for variety of 
biotechnological applications (e.g., next-generation sequencing). 1' 2 Single-molecule 
measurements are preferable over bulk when the sample is limited (e.g., sequencing DNA 
or RNA from a single cell) or when ensemble measurements would mask sample 
heterogeneity. Nanopores were used first as simple molecular Coulter counters.3 The 
principle of a Coulter counter is to drive an analyte through a hole of somewhat similar 
dimensions while immersed in an electrolyte solution where the only connection between 
the two chambers is through the hole. When an analyte translocates (i.e., moves from one 
chamber into the next-by convention, we use the terms cis and trans for these chambers, 
respectively) through the pore, it changes the impedance of the pore and can be detected 
by a current blockade (or if it carries a higher charge density than the bulk solution and 
lowers the impedance of the pore, a current spike) where the depth of the blockade is a 
function of the analyte's size. Coulter counters are routinely used to count microscopic 
samples such as blood cells. A nanopore functions in a similar manner except that the 
size of the pore is on the order of one to hundreds of nanometers. A schematic illustrating 
the process is shown in Figure 1. 
1 
Tune 
DNA added 
t 
Tune 
DNA translocating 
DNA exits the pore 
Figure 1 I Translocation of DNA through a solid-state nanopore while monitoring 
ionic current is shown in stages i-iv. 
2 
A patch-clamp amplifier, capable of measuring sub-picoampere current changes at high 
( ~ 100 kHz) bandwidths, is used in voltage-clamp mode to monitor the ionic current 
passing through the pore while an electric bias is maintained across the pore (Figure li) . 
By convention, the cathode is placed in the trans chamber and the anode in the cis, such 
that a positive voltage will electrophoretically drive negatively charged DNA from cis to 
trans. When DNA is added (Figure lii) and electrophoretically threaded through the 
nanopore (Figure liii), the impedance of the nanopore increases and the ionic current 
passing through the pore decreases. When the DNA completes translocation and exits 
into the trans chamber (Figure liv), the current returns to open-pore level, ready to 
capture another molecule. In order to quantitatively characterize a monodisperse 
population of molecules, thousands of such events are acquired for each sample of 
interest. A continuous current trace during a typical experiment is shown in Figure 24 
before and after the addition of DNA.. 
3 
1.5 
1 
-<( 
c 
.......... 
0.5 
1 
+DNA 
2 
Time (s) 
I: I. 
I 
3 
Figure 2 I Current blockades during DNA translocation through a nanopore. 
Three parameters are used to characterize each blockade: open-pore current <i0 > , 
translocation time tr, and blocked-pore or residual current <h>, the last two of which are 
a function of the analyte of interest's dimensions, its interaction with the pore, the pore 
size, the bulk electrolyte species present and their concentrations, and the voltage applied. 
The open-pore current is a function of the conductivity of the pore, which can be 
approximated as 
(1) 
where dis the diameter of the pore and cr8 is the bulk conductivity of the electrolyte 
solution in cases where the current due to wall-charge induced electro-osmotic flow is 
negligible relative to the bulk an the pore is approximately cylindrical. More accurate 
4 
models of pore conductivity are available which take into account access resistance, 
electro-osmotic flow and the real geometry of the pore, 5 however, Equation 1 is a 
sufficient first-order approximation when wall charge and specific geometry are not well 
characterized. A scatter plot of normalized blockade Is (defined as <ib> /< i0 >) vs. 
translocation time is shown in Figure 34 to illustrate the significance of pore size on 
translocation dynamics and the importance of acquiring a large enough set of events to 
characterize statistically. 
Figure 3 I Scatter plot of normalized blockage (Is) vs. translocation 
time for two pore sizes. 8,000-bp DNA in a 4-nm pore (red) and an 8-
nm pore (blue) at 300 mV. 
5 
8,000-bp DNA translocates approximately two orders of magnitude slower through a 4-
nm pore than an 8-nm pore, yet without measuring the depth of blockade, there are still a 
substantial number of events overlapping in the translocation time domain. This 
highlights the importance ofDNA-nanopore interactions in governing translocation 
dynamics as well as the stochastic nature of the process (and consequently, the 
importance of throughput in making useful measurements-i.e., a single, short blockade 
is only of limited value in characterizing a molecule). These principles of sensing are 
general to resistive-pulse sensing and apply broadly to the many varieties of nanopores 
used into research, whether biological, synthetic, or hybrid and the following sections 
address the specificities of each of the major classifications ofnanopore in use. 
1.2 Biological Nanopores 
The first reported biotechnological use of nanopores that hinted at future 
transformational sequencing technologies was the detection of single-stranded nucleic 
acids in 1996.6 The structure and dimensions of the heptameric alpha-hemolysin channel 
is shown in Figure 4.7 
6 
Cap c B N c N 
I . 
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Tl ~9 
Figure 4 J Crystal structure of alpha-hemolysin heptameric transmembrane channel 
from side (A) and top (B) views. 
By applying an electric potential across an insulating artificial lipid membrane spanned 
by a single alpha-hemolysin nanopore and monitoring the current, single strands of 
ribonucleic acid (RNA) and deoxyribonucleic acid (DNA) could be detected and 
characterized. Because the narrowest portion of the channel at 1.4 nm is smaller than 
double-stranded DNA (dsDNA) at 2.2 nm, only a single-file threading of single-stranded 
nucleic acid is permitted. 6' 7 Translocation time was shown to be a function of the length 
of the linear molecule and it was predicted that, with further technological improvements 
to increase the resolution of the measurement, direct sequencing of nucleic acids should 
be possible. This technique was especially attractive because it was capable of sensing 
molecules directly from bulk solution at high throughput, obviating the need for 
immobilization, further amplification, or chemical modification of the nucleic acid 
samples. Extensive research with alpha-hemolysin has used the pore to provide 
information on nucleotide content and length of DNA and RNA,8-19 the orientation of 
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DNA 18 and RNA19 within the pore, DNA-protein complexes.20 Modification of alpha-
hemolysin through genetic engineering has enabled finer control over nucleic acid 
translocation dynamics21 and better recognition of individual nucleotides, 19' 22 while 
chemical modification has enabled the rather general detection of specific proteins 
through aptamers bound near the vestibule23 and as well as small molecules. 24-27 Since the 
narrowest region of the pore is smaller than duplex nucleic acid, this enabled kinetic 
measurements and force spectroscopy of the unzipping (melting, or rupturing of 
hydrogen bonds) of double-stranded nucleic acids. 12• 28-32 Additionally, epigenetically 
modified nucleotides, such as 5-methylcytosine and 5-hydroxymethylcytosine, may also 
be detected and discriminated from the unmodified nucleotide form.33 A number of other 
ion channels have subsequently been used for single molecule detection and 
characterization. The porin MspA of Mycobacterium smegma tis has a shorter channel ( ~4 
nm) with a smaller constriction zone ( ~ 1 nm) than alpha-hemolysin.34 The sensitivity of a 
channel is given by the integration over the constriction site and as such, and as such, a 
smaller channel is potentially more sensitive to local variations in analyte structure. 
Genetically engineered MspA with positively charged residues substituted near the 
constriction site produce ssDNA blockades that are ~ 100 times longer than in the wild-
type porin. Mutant MspA, like mutant alpha-hemolysin with a chemical adapter, 19 has the 
ability to distinguish between all four nucleotides when the residence time has been 
increased either through immobilization with dsDNA35 sections or proteins36• 37 which 
prevent uncontrolled translocation. Larger biological pores that are capable of passing 
dsDNA have also been adapted for use, such as the bacteriophage DNA-packaging motor 
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phi29,38 which will be useful for technologies that require DNA in duplex form (e.g., 
mapping transcription factors). 
Biological nanopores have demonstrated exquisite sensitivity and variety of 
function, but they have a number of significant limitations. Typically, these pores are 
oligomeric, and are inserted as a soluble monomer which must first reach a lipid bilayer, 
diffuse around until it has associated with a certain number of other monomers (for alpha-
hemolysin, the trans-membrane channel is a heptamer), and undergo a conformational 
change to insert into the bilayer to form the final trans-membrane channel. 39• 40 Insertion 
is a stochastic process, and as such, it is impossible to guarantee a single channel 
formation in a specified period oftime. Biological pore structure is determined by energy 
minima of the folded protein and may be disrupted by extremes of pH or temperature or 
the presence of denaturing agents such as urea, and lipid bilayers are similarly sensitive 
as well as to mechanical or electromotive forces (i.e., a lipid bilayer is only stable under a 
certain range of applied transmembrane potential, so if the unzipping threshold for a long 
double-stranded region is above this, it may not be practical for such an application). 
Finally, while two-dimensional diffusion is not problematic for electrical detection, it is a 
significant issue for optical detection schemes where it may be desirable to take 
measurements from large numbers of pores in a dense region in parallel over a long 
period. 
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1.3 Synthetic Nanopores 
The first synthetic nanopores for molecular sensing were fabricated in a solid-
state silicon nitride (SiN) membrane with an ion beam.41 Unlike biological pores, which 
have a molecularly fixed size, solid-state nanopores fabricated with ion beam sculpting 
combined sputtering and melting that allowed for sub-nanometer control over the 
nanopore diameter on a pore-by-pore basis. Other methods including combinations of 
electron beam patterning and transmission electron microscope (TEM) exposure to 
fluidize and reduce the size of the pore,42 or purely single-step TEM sputtering and 
melting43 were later developed. TEM images of a TEM-drilled nanopore in 50 nm thick 
SiN are shown in Figure 5.43 
Figure 51 TEM-drilled solid-state nanopore in a 50 nm 
thick SiN membrane. (a) Reconstructed side view from 
TEM tomography. (b) HR-TEM image of a 7 nm pore. 
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High-energy electron beam fabrication of pores is quite attractive because the technique 
can be very rapid (from seconds to minutes per pore) and because the shape and size of 
the pore, both of which play an important role in the dynamics oftranslocation,5 may be 
carefully tuned in real time with visual feedback, 
Solid-state nanopores have a number of advantages over biological nanopores 
such as alpha-hemolysin and MspA. They are fixed in place rather than diffusing in two 
dimensions in an artificial lipid bilayer which facilitates optical measurements by 
obviating the need for tracking and allows measurements on individual pores over long 
time periods. Solid-state pores may also be fabricated in more dense arrays than pores 
that require a lipid bilayer to span each aperture, which have certain size limitations. An 
array of FIB-drilled solid-state nanopores is shown in Figure 6.44 
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Figure 6 I FIB-drilled solid-state nanopore array. 
As insertion into a bilayer is a stochastic process, bilayers will have a statistically 
distributed number of pores from none to several, further limiting the density of useful 
devices. Solid-state pores are more easily integrated into standard electronic 
microfabrication processes. They also may be tailored to a wide range of sizes (from sub-
nanometer to arbitrarily large dimensions), whereas a biological pore is limited by its 
molecular structure. Additionally, solid-state pores may be used in chemical and physical 
extremes under which a lipid bilayer and/or a biological pore would fail. 
Solid-state nanopores do not possess the molecularly precise structure of 
biological nanopores, so further work has been done developing pores in molecularly thin 
two-dimensional materials (such as graphene45 ' 46) as shown in Figure 7,45 while other 
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efforts have been made to combine solid-state nanopores with biological nanopores to 
create a hybrid device that also has the precision of a biological pore and the robustness 
of a solid-state pore.47 
Figure 7 I DNA translocation through a molecularly thin 
graphene nanopore on a SiN substrate 
1.4 Temporal Resolution ofNanopores 
Temporal resolution limitations are common to both biological and solid-state 
nanopore sensing as are the strategies to overcome them. Slowing can be induced by 
increasing the interaction between the pore and the analyte through reducing the diameter 
ofthe pore,4• 48 increasing electrostatic interactions with genetic engineering or surface 
modification,21 ' 34• 49' 50 and adding a molecular adapter to further constrict the pore.33 If 
the analyte is natively charged (e.g., nucleic acids above pH ~2), a gate voltage can be 
used to locally modulate the electrophoretic force felt by the analyte.51 ' 52 The effective 
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charge of an analyte is a function of its counter-ions and it has been shown that lithium 
lowers the effective charge of DNA relative to potassium, resulting in a longer 
translocation time. 53 Increasing the viscosity of the bulk solution or lowering the 
1 . h 1 . . 54-56 temperature a so mcreases t e trans ocatwn time. 
Although controlling translocation with processive enzymes has been the most 
successful technique reported (an example of using the motor protein phi29 to control the 
translocation of a single-stranded region of DNA through the protein pore MspA is 
shown in Figure 837), there are a number of disadvantages to relying on enzymes. 
Cis Trans 
ONA motion 
Figure 8 I Controlled translocation through a MspA 
nanopore with a processive enzyme 
Enzymes can be inactivated by a number of chemical and physical processes, lowering 
overall efficiency and throughput. Enzymes may also exhibit sequence-dependent activity 
which complicates data analysis (i.e., during repeating nucleotides along a strand, it may 
be possible to correlate a total time at a given residual current with a number of bases; 
however, if the processive enzyme regulating the speed of translocation varies the 
translocation as a result of bases outside of the pore, some other marker aside from 
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residual current may be required). For these reasons, a purely physical method offers 
advantages over enzymatic regulation of translocation. An example of a physical method 
with a biological nanopore is shown in Figure 9.21 
Fast Slow 
Figure 9 I Positively charged "Molecular brakes" slow DNA translocation. 
Here, by engineering the protein pore to substitute in positively charged residues near the 
constriction site, DNA translocation is slowed due to increased electrostatic interaction 
with the pore. 
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1.5 Spatial Resolution ofNanopores 
The spatial resolution of a nanopore sensor is closely tied to the temporal 
resolution. Individual nucleotides are separated by only ~0.34 nm, so in order to sequence 
directly from a single strand, the measurement must be sensitive to changes on this length 
scale, and each measurement must fall within the bandwidth of the measurement system. 
For measurements dependent on ionic current modulation, biological pores can be 
genetically altered and chemically modified to detect changes on this length scale. 57 In 
order for synthetic materials to make measurements with this precision, they must be very 
thin (such as pores fabricated in graphene58-61 or boron nitride62) or coupled to another 
detection scheme (such as fluorescence63-65 or transverse current measurement66-70). 
An additional spatial consideration relates to the density of sensors on a signal 
device. A practical nanopore-sensing device relies on taking measurements from many 
pores in parallel to provide sufficient robustness (through redundancy) and throughput. 
Optical detection facilitates such parallelism, but requires coupling between an analyte 
feature and a fluorescence source. One strategy for optical nanopore sequencing involves 
converting DNA to an expanded form, hybridizing fluorescent labels to each expanded 
base, and using nanopores to sequentially unzip each fluorescent label (Figure 1064). 
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array 
EM-CCD 
Figure 10 I Optical sequencing with an array ofnanopores. 
This strategy also serves to slow the translocation process to milliseconds per unzipping 
event (i.e., original nucleotide identity) and allows for high throughput and density of 
information from a single device. 
1.6 Chemically Modified Solid-State Nanopores 
Despite the many advantages of solid-state nanopores, inorganic materials present 
challenges for integrating with biological systems. Whereas a biological pore may be 
easily modified through standard genetic engineering or specific chemical modification 
of native or substituted groups (e.g., disulfide bonds through cysteine residues), inorganic 
solid-state nanopores are inherently more homogeneous and inert-it takes either 
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exposure to plasma or boiling in acid to clean a solid-state pore in a silicon nitride 
membrane and decrease its hydrophobicity enough to permit wetting. A number of 
strategies have been developed to functionalize solid-state pores to make them more 
biocompatible. Of these, modifying the pore surface with an organosilane (a silane with 
at least one organic group and one or more groups capable of reacting with surface 
silanol groups) has proven to be a versatile technique for carefully tailoring surface 
properties.71 A simple schematic of the process is shown in Figure 11, 7 1 where a chip 
may be repeatedly cleaned and recoated with any of a number of organosilanes with a 
headgroup x. 
clear\ nanopore coated nanopore 
Figure 11 I Repeatable chemical modification of solid-
state nanopores with silanization and piranha cleaning. 
Chemical modification with organosilanes can be carried out ex situ as a liquid-phase 
deposition process by immersing a nanopore in a solution containing the organosilane or 
as a vapor-phase deposition process where the pore is set in a vacuum near an 
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organosilane source at the appropriate partial pressure. The process can also be carried 
out in situ, monitoring the current flowing through the pore as the diameter is reduced. I-
V curves before and after coating with an amine group show pH response and reduced 
conductivity relative to an uncoated pore, shown in Figure 12.71 
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Figure 12 I pH dependence ofl-V curves (a) before and (b) after coating a solid-
state nanopore. 
Coating with amines serves to functionalize the surface with a pH responsive group, 
providing a tool for modulating the surface charge of a pore in situ, as well as preventing 
direct interaction between the analyte and the native solid-state membrane. 
1.7 Summary 
Biological nanopores, the only type of nanopore that has demonstrated the ability 
to sequence DNA, are currently being incorporated in devices designed for the lab and 
the clinic; however, synthetic nanopores in solid-state membranes remain a compelling 
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future alternative if issues relating to their spatial and temporal resolution can be 
addressed. By chemically modifying a solid-state nanopore, translocation dynamics can 
be more finely tuned, and by adding optical detection, the spatial resolution of the 
nanopore along the length of a biopolymer can be significantly improved over that 
offered solely by ionic measurements. Additionally, optic~! detection schemes will 
facilitate high throughput by increasing the density of nanopore sensors within a single 
device. 
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Chapter 2: Enhancing the Temporal Resolution of Solid-State Nanopores 
2.1 Overview 
Controlling DNA translocation speed is critically important for nanopore 
sequencing as free electrophoretic threading is too rapid to resolve individual bases. A 
number of promising strategies have been explored in recent years, largely driven by the 
demands of next-generation sequencing. Engineering DNA-nanopore interactions (known 
to dominate translocation dynamics) with organic coatings is an attractive method as it 
does not require sample modification, processive enzymes, or complicated and expensive 
fabrication steps. In this chapter, we develop a simple analytical model based on 
electrostatic interactions to explain this effect, which will be a useful tool in designing 
future devices and experiments. We then present and discuss work that lead to, for the 
first time, 4-fold tuning ofunfolded, single-file translocation time through small, amine-
functionalized solid-state nanopores by varying the solution pH in situ. The formation of 
a polymeric cushion between the solid pore walls and the DNA71 serves two functions: 
first, it prevents direct interactions or sticking ofbiopolymers to the pore walls; second, it 
lends itself to chemically induced surface charge modulation, which is shown here to 
modulate the translocation time. 
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2.2 Introduction 
Temporal resolution limitations are common to both biological and solid-state 
nanopore sensors as an analyte needs to reside within the pore long enough to make an 
accurate measurement over background noise. A number of advanced strategies have 
been developed to slow down or increase DNA translocation speed through nanopores 
0 0 0 ° f 0 21 ° 1 1 10 72 1 d" 73 vta genetic engmeenng o protem pores, active vo tage contro , ' sa t gra 1ents, 
transverse electric fields/ 4 gate-modulation of wall surface charge,50 electrolyte 
selection, 53 and coupling the analyte to processive enzymes such as molecular motors.37• 
75 Here we present a simple alternative method which decouples translocation speed from 
modifications which might change the pore structure, require active voltage control 
(which also impacts capture rate and sensitivity), or add reliance on sensitive, sequence-
dependent enzymatic processes. Selective RNA and protein transport through nuclear 
pore complexes (NPC) 76 and DNA translocation through synthetic nanopores4 are both 
exquisitely sensitive to interactions between the translocating biopolymers and the pore 
surface. In this work, inspired by the natural structure of biological nanopores, we 
investigate the effect of pH-sensitive organic layers internally coating nanopores. 
2.3 Modeling the Effect of DNA-Nanopore Electrostatic Interactions on Translocation 
Time 
We developed a simple analytical model for our system to explore the surface 
charge dependence of translocation time. The translocation of DNA through an 
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oppositely charged nanopore consists of three stages: (i) filling the nanopore, (ii) transfer 
of monomers from the donor to the receiver compartment, and (iii) peeling off of the 
polymer from the pore, as illustrated in Figure 13a.49 
a (i) 
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Figure 13 1 a, The free energy during translocation is calculated during three 
phases: i (i) filling the pore from cis, (ii) transferring monomers from cis to trans, 
and (iii) peeling the polymer off from the pore into trans. b, A simple cylindrical 
model ofDNA-nanopore electrostatic interaction where there is a distance of a 
between individual monomers, which are an average distance of r from the pore 
wall of a nanopore of diameter d of length L, defined as a multiplied by the total 
monomers that can fit within the length of the pore, M. 
We derive the free energy landscape for the translocation process by considering the 
electrostatic interaction energy between the pore and the polymer and the drift force from 
the externally imposed electric field. 77' 78 First, the electrostatic interaction energy of a 
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partially filled nanopore can be obtained as follows. Let the diameter and the length of a 
uniformly surface-charged cylindrical nanopore be d and L = M a, respectively, where a 
is the distance between two base pairs along the helix axis ofDNA (Figure 13b). Let cr 
be the surface charge density of the pore. Assuming that the De bye-Hiickel potential is 
valid, the pore-polymer interaction energy Ue1 for a chain that has advanced a distance of 
ma inside the pore is given by 
(2) 
Here, K is the inverse Debye length for the electrolyte solution, r is the perpendicular 
distance between themth charged unit of the polymer and the surface, q is the effective 
charge per monomer of the translocating polymer inside the pore, k8 is the Boltzmann 
constant, and 
(3) 
is the Bjerrum length, where e is the elementary charge, Eo is the permittivity of vacuum, 
and sR is the relative permittivity. Although Uel(m) can be readily computed for a given 
set of values of CJ,l8 , d, and r,we lump these together in terms of one parameters: 
(4) 
Numerical calculations of Equation 2 for representative values of the parameters 
pertinent to our experimental conditions support the proportionality of Uel tom. The 
parameters is positive for oppositely charged pores and increases with the surface charge 
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density. As the pH inside the pore is lowered, cr increases, and as a result E increases. The 
gain in free energy due to the externally imposed electric field for the partially filled 
nanopore is given by 
(5) 
where the voltage drop 11 V across the pore is assumed to be linear and e is the unit 
electronic charge. The free energy of the polymer as it is threading through the pore is 
obtained by combining the above two equations and recognizing that when x charged 
monomers are transferred from the donor to the receiver compartment, there is a net 
electrochemical potential gain of qtranseilVxjk8 T in units of k 8 T. The value of the 
effective charge qtrans for the monomer in the receiver compartment can in principle be 
quite different from the value inside the pore due to different levels of counterion 
adsorption. On the basis of the Manning argument, qtrans is about 0.25. Combining the 
above results, the free energy landscape for the translocation process is given by 
{ 
-Em- !!!!...m2 
F(m) = -Em-
2:(m ~ M) - qv M, 
kBT 2 
-E(N + M- m)- v(m- M)- !!!!... (M2 - (m- N) 2), 
2M 
O~m~M 
M ~ m ~ N (6) 
N~m~N+M 
where v = qtranseLlV /k8 T. The three expressions on the right-hand side correspond to 
the stages (i), (ii), and (iii), respectively, in Figure 13a. A typical landscape is given in 
Figure 14a,49 where v = 3.0 (corresponding to LlV = 300 mV and qtrans= 0.25), M = 132 
(corresponding to the pore length of 45 nm, with a= 0.34 nm), q = 0.1, E = 2.8, and N = 
1000 (corresponding to 1 kbp DNA). 
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Figure 141 Free energy change during translocation process as m 
monomers of DNA have entered the pore. a, Free energy 
decreases as the pore is filled (1000 monomers span the length of 
the pore). b, After the pore is filled, there is a small energy barrier 
as monomers are peeled off the pore into the trans chamber. 
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For such strong electric fields in our experiments, the contribution from conformational 
entropy of the tail-like conformations of the polymer outside the pore is negligible and 
thus is ignored in the above equation. The role of the attractive electrostatic interaction 
between the pore and the polymer is manifest as an electrostatic barrier (Figure 14b) 
during the stage of ejection of the polymer fromthe pore. For the above set of parameters, 
this barrier is about 2k8 T. As evident from our experimental observations, the polymer 
very rarely retracts back into the donor compartment after some monomers are threaded 
through the pore. In view of this, we use the reflecting boundary condition in the 
calculation of the mean translocation timeT as previously described/8 
F(m) F(m1) 
1 N+M m -----
T = - r dm r dm' e ksT ksT 
k Jo Jo (7) 
where k is a phenomenological unknown parameter denoting the local friction of a 
monomer. The mean translocation time for the above choice of the parameters is given in 
Figure 1549 as a function of s, with Tin arbitrary units (k = 1 06). 
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Figure 15 I Translocation time '! as a function of the strength of electrostatic 
interaction E. 
It is evident that'! depends weakly for small values of E and after a threshold value of E, '! 
increases significantly. In the latter regime, even a small change in the surface charge 
density can lead to substantial slowing down of the polymer. 
2.4 Solid-State Nanopore Fabrication 
A schematic of a nanopore in a silicon support is shown in Figure 16. A 20-45 nm 
thick layer of SiN was deposited by LPCVD on 380 !J.m Si wafers. Standard 
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microfabrication techniques were used to create a free-standing SiN membrane, typically 
between 2 )liD and 100 )liD. A 10-40 )liD window, on edge, was used for the majority of 
experiments in this research. 
300!Jm 
:I: 30nm 
SiN 
Figure 16 I Schematic of a solid-state nanopore in a free-standing silicon 
nitride membrane on a silicon support chip (not to scale). 
Nanopores were fabricated via TEM or FIB sputtering and melting as described 
previously.43 HR-TEM images ofnanopores from 3-7 nm in diameter are shown in 
Figure 17. 
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Figure 17 I HR-TEM micrographs of TEM-fabricated nanopores ranging in 
diameter from ~3 nm (upper left) to ~7 nm (lower right). 
The chips were cleaned in piranha solution (1 :3 35% w/w hydrogen peroxide: 95% w/w 
sulfuric acid at 120°C for 15 minutes) and then thoroughly rinsed in ddH20. The chips 
were then assembled in a custom piranha-resistant PTFE flow cell and sealed with quick-
curing PDMS to separate cis and trans chambers, and finally immersed in degassed and 
0.02 Jim-filtered electrolyte buffer (typically 1.0 M KCl with 10 mM Tris, potassium 
phosphate, or HEPES buffered to pH 8.0, unless otherwise noted) with the only 
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connection between the two chambers being the nanopore channel itself. A schematic of 
the experimental setup is shown in Figure 18.4 
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Figure 18 I Schematic of solid-state nanopore experimental setup. 
An Axon Axopatch 200B patch-clamp amplifier was used to apply an electric potential in 
voltage-clamp mode across the membrane while monitoring the current. Custom 
Lab VIEW software and a low-noise DAQ were used to control the voltage and digitize 
the current signal with the patch-clamp amplifier. 
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2.4 Tuning DNA Translocation Time through Chemically Modified Solid-State 
Nanopores 
In order to experimentally validate the electrostatic effect ofnanopore surface 
charge on DNA translocation velocity, the pore surface must first be positively charged. 
The zeta potential of native SiN is shown in Figure 19.79 
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Figure 19 I Zeta potential of PECVD and LPCVD silicon nitride vs. pH. 
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Above pH 4, the surface of LPCVD SiN is negatively charged. Furthermore, there is 
weak surface charge dependence on pH near pH 6-9. Thus, natively charged SiN 
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nanopores are ill-suited to test whether small changes in positive surface charge density 
can result in the theoretical changes to translocation time shown in Figure 15. 
A schematic of our experimental strategy to control surface charge, and thus 
translocation time, is shown in Figure 20.49 An electron beam from a transmission 
electron microscope (TEM) was used to drill nanopores with diameters of 5-6 nm 
(Figure 20 inset) in 45 nm silicon nitride (SiN) membranes as described previously.43 
cis(-) 
trans(+) 
APTMS 
coating 
\ 
Figure 20 I Coating a nanopore with APTMS changes the surface charge from 
negative to positive near the experimental pH of 6-8. 
After coating with 3-(aminopropyl)trimethoxysilane (APTMS), we induce surface charge 
inversion by lowering the pH below the point of zero charge, rendering the surface 
slightly positive. 
While measuring the surface charge density directly within a nanopore is difficult, 
colloid analogues of our system are experimentally accessible. 3-Aminopropyl-
functionalized 100-nm silica nanoparticles (Sigma) were used to measure t;, potential in 1 
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M KCl at pH 6.0, 7.0, and 8.0 (Figure 2149), which we then used to calculate surface 
charge cr. We measured the s potential of 3-aminopropyl-functionalized 1 00-nm silica 
nanoparticles (Sigma) at pH 6, 7, and 8 in 1M KCl with a Brookhaven 90Plus Particle 
Size Analyzer and found the potential to vary from approximately 20 mV at pH 6 to 5 
m Vat pH 8. At these low potentials, freely suspended particles were not stable (see large 
error bars at pH 8, indicating some degree of aggregation and variability in the 
measurement); however, well-defined measurements were obtained at pH 6 and 7. The 
surface charge density a of the particles was calculated as, 80 
(8) 
where E is the electric permittivity of the solution, (is the potential between the particle 
and the freely diffusing edge of the electric double layer, K is the inverse Debye, and R5 
is the radius of the nanoparticle. Assuming R5 = 100 nm, ER= 78.54, and K = 3.29x109 
mC/m2 at pH 8. 
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Figure 21 I s potential of 3-aminoproyl-functionalized 100-
nm silica nanoparticles at pH 6, 7, and 8 in 1M KCl 
We found the surface to be weakly positive within this range (cr decreased from 45.7 
mC/m2 at pH 6.0 to 11.4 mC/m2 at pH 8.0). It is likely that this approximates an upper 
limit for the surface charge relative to a nanopore system given that it is possible to form 
more dense monolayers on convex surfaces like spherical particles than within highly 
concave nanopores. 
Initial characterization of a typical5.7 ± 0.1 nm nanopore, as measured by HR-
TEM, was performed by measuring its current-voltage (I-V) curve before and after 
coating (Figure 22,49 black and red traces, respectively). 
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Figure 22 I 1-V curves before (black) and after (red) coating a 5.7 run pore in 
1 M KCl pH 8.0. 
From the reduction in the linear pore conductance after coating we estimate an effective 
geometric reduction in the pore diameter fl.d = 1.0 ± 0.2 run by assuming that the 
nanopore is a perfect cylinder such that 
(9) 
where d0 is the diameter before coating as measured by electron microscopy, Gc is the 
conductance after coating, and Go is the conductance before coating. This simple 
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approximation corresponds well with a theoretical monolayer thickness of -0.6 nm for 
APTMS and is consistent with previous work.71 We note, however, that this estimation 
does not take into account the possibility of charge flow through the polymer layer and 
also only crudely approximates the solid-state nanopore as a perfect cylinder (when it is 
known to have a more complicated double-conical structure43), and it thus serves only as 
a confirmation that a stable layer is formed inside the pore. We have previously reported 
that the normalized blockage of a pore Is is dependent on pore size d as 
Ia = ib/io=l - (ajd)2, (10) 
where ib is the blocked-level current, io is the open-pore current, and a = 2.2 nm is the 
average dsDNA diameter, and is independent of the DNA length, N, as long as the DNA 
is shorter than approximately 1 kbp. For longer DNA molecules we observed a decrease 
in IB as a function of N, which could be empirically fit to a 0.49 ± 0.10 power law.4 The 
measurements of Is before and after coating (using the same DNA molecules) can thus 
provide another indirect measurement of the effective pore size. The measured Is before 
(0.75 ± 0.02, n = 1525) and after (0.59 ± 0.02, n = 1628) coating for a typical experiment 
using 4 kbp DNA (Figure 2349) is consistent with translocations through 6.6 ± 0.3 nm 
and 4.0 ± 0.2 nm uncoated pores, respectively.4 
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Figure 23 I Normalized blockade current (In) histograms measured using 4 kbp 
DNA in uncoated and coated nanopores (black, n = 1525 and red, n = 1628). 
The discrepancy between Is and conductance estimations of pore diameter may be a 
result of direct interaction of DNA with the coated pore wall and a higher relative 
blockage of pore-surface associated current. Furthermore, DNA itself is a highly charged 
molecule and DNA-associated current may play a small role in changing the overall 
conductance of a nanopore during translocation. To understand the effect of surface 
charge on DNA translocation dynamics, one has to consider two possible mechanisms: (i) 
electro-osmotic flow (EOF) of anions (in the case of positively charged surface) and (ii) 
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direct electrostatic nonspecific interactions of the negatively charged DNA with the pore 
walls. Changing the pH in our system provides a convenient way to affect both 
mechanisms as at lower pH the surface is more protonated resulting in a larger positive 
surface charge. Typical events of 1 kbp DNA translocating through a coated pore at pH 
6.0, 7 .0, and 8.0 are shown in Figure 2449 with decreasing dwell times as pH increases. 
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Figure 24 I Translocation time through a coated pore can be sped up or slowed 
down by changing pH. a, 1 kbp DNA translocating through a coated 5 .2-nm pore at 
pH 6.0 (red), 7.0 (green), and 8.0 (blue) and characterized by open-pore current i 0 , 
blocked-level current ib, and dwell time tD. b, IB histograms at pH 6.0, 7.0, and 8.0. 
c, tD histograms at pH 6.0, 7.0, and 8.0 with corresponding exponential time scales 
lpH6 = 118 ~s, lpHl = 46 ~s, and lpHB = 29 ~s (n = 1000-3000 events analyzed for each 
pH in the same pore). 
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. We note that the noise level in these events is larger than the typical noise we obtain 
using uncoated pores for reasons that are not currently known, though we speculate that 
changes to the surface chemistry and membrane capacitance may be responsible. When 1 
kbp DNA was translocated through a coated 5.2 ± 0.1 nm pore at pH 6.0, 7 .0, and 8.0, 
neither io (2.6 ± 0.1 nA) nor Is ( 0.65 ± 0.01 nA) were observed to change significantly 
with pH (Figure 23). This observation is consistent with prior measurements using larger 
solid-state nanopores81 as well as chemically coated pores71 in that the relative bulk 
current flow becomes much larger than wall surface flow for weakly charged pores at 
high salt (>0.5 M KCl), and, as such, the Is signal should be relatively insensitive to 
small changes in the surface charge with the pH at 1 M KCl. Dwell times, however, 
shifted substantially as can be seen in Figure 24. We characterized the typical 
translocation time by exponential-tail fits to the dwell-time histograms yielding 118 ± 12 
)lS, 46 ± 8 )lS, and 29 ± 4 )lS at pH 6.0, 7.0, and 8.0, respectively. Given that Is is very 
sensitive to the structure of dsDNA 82 and we observe no large shift with pH, we can 
assume that the shift in dwell time is not due to small changes in DNA structure. Taken 
together it appears that the dominating effect in our system is DNA-wall interaction, 
which becomes more prominent at lower pH (more positive surfaces), rather than the 
EOF, which is expected to yield faster translocation time at low pH, contrary to our data. 
To investigate whether pH tuning has a dependence on length, two additional DNA 
lengths were translocated at pH 8.0 and 6.0. Figure 2549 shows the translocation 
distribution times of 1 kbp, 4 kbp, and 10 kbp dsDNA, measured either at pH 8.0 (blue 
circles) or pH 6.0 (red circles) using a 5.6 ± 0.1 nm pore. 
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Figure 251 Tuning translocation time for three lengths ofDNA(l, 4, and 10 kbp) in 
5.6 ± 0.1 run coated pores at pH 6.0 (red) and 8.0 (blue). Main figure displays IB vs. tD 
event diagrams (> 1000 events per experiment) and lower insets show normalized tD 
histograms. 
Consistent with the results presented in Figure 24, we observe a similar increase in the 
typical translocation time at the lower pH value. Within this range of DNA lengths, the 
pH-tuning effect was observed for all samples and does not appear to be strongly 
dependent on the molecule's length or composition. Table 149 summarizes the 
characteristic translocation time scales for the three DNA lengths (obtained by 
exponential fits to the tail of the tD distributions) and the amount oftranslocation 
enhancement for the three DNA molecules. 
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Table 1 I DNA translocation time scales extracted from exponential-tail 
fits to the tD histograms 
t (,us) 
unmated 1 kb coated 1 kb 4kb 10 kb 
pH 6.0 11 ± 2 25 ± 2 84 ± 6 236 ± 20 
pH 8.0 12 ± 3 12 ± 1 47 ± 3 95 ± 8 
t/ tpH8 0.9 ±OJ 21 ± 0.2 1.8 ± 0.2 2.5 ± 0.3 
In comparison we show a control measurement using an uncoated nanopore and 1 kbp 
DNA with no translocation time modulation with pH. Our results indicate that within this 
pH range all DNA lengths exhibit similar translocation enhancement. We also tested the 
effect of the initial nanopore diameter on the translocation enhancement. A 5.2-nm pore 
with 1 kbp DNA had a 4-fold enhancement in translocation time when shifting between 
pH 8.0 and 6.0 compared to a 5.6-nm pore with only a 2-fold effect using the same DNA 
length (Figure 2649 solid squares and circles, respectively). 
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Figure 26 I Relative dwell times vs. pH for 1 kbp DNA and different pore 
diameters. The dwell times are normalized to their corresponding value at 
pH8.0 to allow comparison under different conditions. Squares represent a 
coated 5.2-nm pore, solid circles a coated 5.6 nm pore, and open circles an 
uncoated 5.4-nm pore. Lines serve as guides to the eye. 
As a reference, no enhancement in translocation time was observed using the 1 kbp DNA 
and an uncoated 5.4-nm pore (open circles). 
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2.5 Using Divalent Ion Gradients to Modulate Electro-Osmotic Flow and 
Electrostatically Enhanced Capture Rate 
A potassium ion gradient from the trans chamber (high concentration) to the cis 
chamber (low concentration) has previously been reported to increase capture rate and 
retard translocation DNA time. 73 Later theoretical work helped to explain the mechanism 
behind this effect. 83' 84 In brief, the excess positive charge reaches far into the cis 
chamber, attracting negatively charged DNA, while an opposing electro-osmotic flow 
(EOF) associated with the negatively charged pore walls and net flux of potassium from 
trans to cis is primarily responsible for the slowing effect. Figure 27 plots the theoretical 
charge density near the pore calculated using the Poisson-Nernst-Planck equations as a 
function of the concentration of excess KCl or CaCh in the trans chamber (see Chapter 3, 
section 3 for the numerical methods used to calculate these spatially distributed ionic 
concentrations near the pore). 
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Figure 27 I Salt-gradient induced charge density for CaCh and KCL Thick red 
lines represent CaCh while thin blue lines represent KCL The black line represents 
no asymmetry. 
At similar concentrations, the charge density is scaled by approximately the ratio of the 
charge numbers of the ions. At increasing concentrations, the charge density extends 
further into the cis chamber. The electric potential is also influenced by excess ion 
concentration in the cis, shown in Figure 28. 
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Figure 28 I Electric potential in the cis for excess concentration of trans KCl and 
CaCh Thick red lines represent CaCb while thin blue lines represent KCI. The 
black line represents no asymmetry. 
When 1 ,000-bp DNA was translocated at 300 m V through a 4-nm pore under varying salt 
gradients, capture rate was significantly enhanced with increasing concentration of all ion 
species (Figure 29). 
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Figure 29 I Capture rate enhancement with CaCb, MgC12, and KCl gradients. 
The enhancement in capture rate was greater for calcium chloride than for potassium 
chloride, in agreement with our numerical simulations. Salt gradients also slowed down 
translocation, as shown in Figure 30 for increasing concentrations of calcium chloride. 
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Figure 30 I Increasing calcium chloride concentration in trans from 0 mM to 50 
mM to 150 mM incrementally slows down DNA translocation. 
Given that translocation time is sensitive to direct interactions between analyte and pore, 
a larger analyte (such as partially urea-denatured DNA) will interact more with the pore, 
resulting in longer dwell times. 82 While we cannot eliminate increased structure (partial 
condensation or folding) of the DNA induced by increasing calcium, the normalized 
blockades do not change dramatically (Figure 31), so this is not likely to be a dominant 
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effect in the slowing process, as a naive assumption of this effect would also include an 
increased impedance of the pore due to ion flow restriction through condensed DNA. 
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Figure 311 Is for translocation shows similar peak blockage levels at three 
concentration of trans CaCh 
2. 6 Discussion and Summary 
For all DNA lengths and coated pore sizes, the translocation time increased as the 
solution became more acidic and smaller pores exhibited a more pronounced effect. 
Presumably, below pH 6.0 or above pH 8.0, the modulation of DNA translocation time 
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through both coated and uncoated SiN nanopores would be stronger as the surface 
became more positively or negatively charged (the point of zero charge of bare SiN is 
near pH 4.118); however, experiments attempted at pH lower than 6.0 or higher than 8.0 
were unfeasible because the open-pore currents exhibited large fluctuations and pores 
tended to become blocked prematurely, preventing us from acquiring enough events to 
analyze. We hypothesize that the APTMS-coated pore becomes more strongly charged 
and DNA begins to stick and block the pore at low pH values and that the pore becomes 
negative at higher pH, repelling DNA and lowering capture rate, consistent with a point 
of zero charge for APTMS near pH 6-7.85 
With a variety of positive and negative organosilanes available, pores of a given 
geometry can be optimized for a range of sensing applications. Future work will explore 
translocation through non-charged and negatively charged coated pores to better 
characterize the relative importance ofhydrophobicity, charge, and EOF on translocation 
dynamics. Theoretically, a similar but positively charged organosilane should have 
opposing contributions from EOF but similar hydrophobicity and therefore may prevent 
sticking of DNA while also allowing for tuning of translocation time in situ as 
demonstrated here. Furthermore, using non-ionizable silanes with polar and nonpolar 
head groups will allow us to explore the importance of substrate hydrophobicity 
independent of surface charge and pH-induced conformational changes in the DNA 
which are certainly significant at extreme pH but may have more subtle effects near 7. 
We also observed that divalent ionic gradients can increase capture rate beyond 
those of monovalent ion gradients at similar concentrations and that this is likely due to 
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the higher charge number per ion and increased spatial distribution of excess charge in 
the cis chamber. EOF may also serve to slow translocation further, providing further 
evidence that the careful balance ofEOF and electrostatics must be considered when 
designing systems to control translocation speed through nanopores. 
In summary, we demonstrated that by modifying the surface properties of solid-
state nanopores, interactions between analyte and pore surface, and thus translocation 
dynamics, can be independently tuned. Our simple analytical model indicates, at least 
qualitatively, that small changes in surface charge can account for the large shifts we 
observe in dwell time, which enables us to adjust the translocation time without affecting 
other experimental conditions such as voltage or ionic strength (required for high S/B 
detection of the ionic current). We also showed that translocation may be slowed, and 
capture rate enhanced, tuning the asymmetric bulk concentration of divalent ions near a 
pore. It is notable that these two methods are orthogonal in that it is possible to use both 
strategies in conjunction (i.e., controlling the surface interaction by chemical 
modification while also controlling capture rate and electro-osmotic flow with ionic 
gradients) and future studies will be necessary to explore the bounds of electrostatic and 
electro-osmotic effects on translocation time and capture rate. 
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Chapter 3: Enhancing the Spatial Resolution of Solid-State Nanopores 
3.1 Overview 
In this chapter, we present work coupling an asymmetrically distributed calcium 
concentration to a calcium-activated fluorescence source, Fluo-4, in order to improve the 
spatial resolution ofnanopores and facilitate parallel detection using arrays of optical 
nanopore sensors. First, the finite element method (FEM) is used to numerically solve the 
Poisson-Nemst-Planck (PNP)73' 86' 87 equations for the distribution of calcium ions near a 
pore under a range of concentrations of CaCb in the trans chamber and a range of 
transmembrane voltages. With this spatial distribution, we then solve for the 
concentration of calcium-bound Fluo-4 in the presence of the calcium chelator ethylene 
glycol tetraacetic acid (EGTA), which we then integrate with the TIR evanescent wave 
intensity to calculate the total expected fluorescence intensity for each condition. Next, 
we experimentally verify the predictions of this model regarding the dependence of 
fluorescence intensity on the applied electric bias and the concentrations of Fluo-4, 
EGTA, and CaCb with TIRFM on a nanopore. Finally, we demonstrate that this 
fluorescence signal can be used to detect the translocation and blockage of pores in a 
manner analogous to the measurement of ionic current and provide a proof of principle 
on parallel measurements from an array ofnanopores. 
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3.1 Introduction 
Near-field devices such as nanoantennas and zero-mode waveguides enable 
highly localized single-molecule detection by providing strong background rejection or 
high signal amplification from proximal fluorophores; however, one is typically required 
to work at low sample concentrations to reduce background fluorescence and low 
background and high throughput are often mutually exclusive experimental parameters. 
The next generations of single-molecule sequencing technologies that rely on enzymatic 
activity require high concentrations of substrate molecules while maintaining low enough 
background to take measurements on single molecules.88 Here we present a solid-state 
nanopore-based device capable of producing a tunable sub-wavelength emission depth 
with high spatial resolution (1-1 0 nm) and background rejection for single-molecule 
sensing. We use the calcium indicator Fluo-4 under TIR excitation and the ability of the 
solid-state membrane to prevent the activation of Fluo-4 everywhere except near the 
nanopore. 89 We present numerical simulations showing that the depth of the 
concentration field can be tuned with voltage and the chelator EGTA concentration, 
allowing for a tunable donor concentration field as deep as the evanescent field ( ~ 100 
nm) to vanishingly small near the pore ( ~ 1 nm). A schematic of our device is shown in 
Figure 32. 
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Figure 32 I Schematic of a tunable nanopore-based near-field chemo-optical emitter 
under TIR illumination. 
3.2 Optical Setup for Single Color Acquisition 
Our one-color optical setup (shown in Figure 33) consists of a 488-nm laser 
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source mounted on a single-axis translation stage, a high-NA 60x oil-immersion 
objective, a long-pass filter, and an opto-split to separate green and red emission 
wavelengths into separate images on a high-speed EMCCD. 
EMCCD 
L 
F 
Flow Cell 
60x 
1.45 NA 
L 
Figure 33 I Schematic of optical setup where M are mirrors, L are lenses, D is a 
dichroic mirror, and F is a long-pass filter. 
A schematic of our flow cell with the respective indices of refraction included, important 
for achieving TIR, is shown in Figure 34. 
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Figure 34 I Experimental schematic of flow cell, Ag/ AgCl electrodes, and headstage, 
with decreasing a decreasing index of refraction along the path of the excitation 
source to achieve TIR illumination at the membrane (cis-trans) interface. 
The index of refraction goes down as the excitation laser passes from glass to 30% w/w 
urea in water, enabling an angle of incidence of the critical angle at the urea/water 
interface across the 30-nm silicon nitride membrane. 
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3.3 Numerical Model of Calcium-Bound Fluo-4 near a Solid-State Nanopore 
Poisson-Nernst-Planck equations have been used successfully to model ionic 
concentration distributions near nanopores.73' 86 We solve a model with 165,964 degrees 
of freedom with Poisson's equation, 
(11) 
and the Nernst-Planck equation for each ionic species (potassium, calcium, and chloride) , 
V·fea = 0 (12) 
lea = -Dea Vcea- ZealleaFCea VV (13) 
(14) 
(15) 
V ·fez= 0 (16) 
(17) 
where Vis the electric potential, F is the Faraday constant ( ~96,485.3365 s· A/mol), E is 
h . . . f ( 7 09 10-10 -J k -1 4 A2) d . h . ]~. h t e permittiVIty o water ~ . · ·m · g · s · , an ci IS t e concentration, lISt e 
flux, Di is the diffusion constant, Zca is the charge number, and Jlca is the electrophoretic 
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mobility of each ion species i. The diffusion constant Di is calculated from the Einstein-
Smoluckowski relation,90 
(18) 
where k8 is the Boltzmann constant, Tis the temperature, and q is the electric charge of 
each ion species. A surface plot of a numerical solution to [Ca} spatial distribution is 
shown in Figure 35. 
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Figure 35 1 Calcium concentration surface plot from PNP model of a single 
nanopore spanning a 30-nm membrane separating a 20 )liD x 10 )liD trans chamber 
from a 20 )liD x 1 00 )liD cis chamber. 
The boundaries are set to 10 )liD from all sides ofthe pore, and 100 )liD axially into the 
cis chamber, to minimize artifacts introduced by finite model size while still remaining 
computationally practical. The boundaries in cis and trans are set to constant 
concentrations and the far and near boundaries are set to OV (in cis) and a target voltage 
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in trans. These are reasonable approximations as the cis and trans chambers in the 
experiment are large enough to be taken as constant concentration sources relative to the 
duration of an experiment. As we are primarily interested in concentrations in the cis 
chamber, we used a small trans chamber (10 )liD x 20 )lm) to reduce computation time. A 
reduced field of view near the pore is shown in Figure 36, where we model our 
membrane as an insulating 30-nm silicon nitride and the pore as an hourglass with the 
smallest diameter set to 4 nm. 
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Figure 361 Calcium concentration near a 4-nm pore at 100 mV. 
We solve for equilibrium spatially distributed steady-state free calcium in the presence of 
the chelating agent EGTA91 according to 
[Ca] = [Cr] - ~([Cr] + [EGTA] (19) 
2 
+ kv - .J -4[Cr ][EGTA] + ([Cr] + [EGTA] + kv) 2 ), 
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where kD = 150 nM is the dissociation constant for EGTA-Ca92, [Cr] is the total calcium 
concentration (numerically solved for with PNP), and [EGTA] is the concentration of 
EGTA. We solve for the concentration of calcium-bound Fluo-4 (again, following ref 9 1) 
according to 
[F · Ca] = ~([C] + [F] + kv- .j -4[Ca][F] + ([Ca] + [F] + kv) 2 , (20) 
2 
where k0 ofFluo-4 for Ca is 345 nM93 and [Fluo-4] is an experimentally determined 
concentration. The evanescent excitation wave has an exponentially decaying intensity 
I(z) described by 
(21) 
with a skin depth d 
(22) 
where n1 is the index of refraction ofthe trans chamber, n2 is the index of refraction of 
the cis chamber, and theta is the angle of incidence of the 488 nm excitation laser from 
cis to trans. We then integrate for total fluorescence (F): 
F = k f0L l(z)[F · Ca](z)dz (23) 
where L is 100 ).liD, the distance to the cis boundary in our numerical model. Controlling 
voltage and the concentrations of Fluo-4, calcium chloride, and EGTA allows for fme 
tuning (~1 nm) ofthe spatial distribution ofthe emitter concentration. With 10 mM CaCb 
in trans, 10 mM EGTA and 2 mM Fluo-4 in cis, the emitter concentration shows a steep 
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decline on the order of~ 10 nm at 100 m V whereas it extends several J.lffi into cis at 500 
mV (Figure 37). 
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Figure 371 Tuning the activated Fluo-4 depth with voltage with 10 mM CaCb in 
trans, 10 mM EGTA and 2 mM Fluo-4 in cis. 
At 100 m V under the same conditions, the concentration field shows a strong dependence 
on EGTA concentration, decaying on the order of30-40 nm at 7 mM EGTA while 3-4 
nm at 9.5 mM EGTA (Figure 38). 
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Figure 381 At 100 mV, we can tune the concentration of activated Fluo-4 with 
EGT A. Spatial resolution is on the order of 5-l 0 nm in this regime. 
It is often necessary to work at higher voltages to overcome an energy barrier or to 
increase throughput. Increasing both the concentrations of CaCb to 250 mM and EGT A 
to 220 mM allows for smaller fields with more dramatic spatial decay slopes at higher 
voltages (Figure 39). 
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Figure 39 I Calcium-bound Fluo-4 distributions as a function of voltage with 250 
mM CaCb in trans and 220 mM EGT A in cis. 
Setting an appropriate EGTA concentration provides arbitrarily fine control (on the order 
of~ 1 nm) over the distribution calcium-bound Fluo-4 (Figure 40). 
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Figure 40 I Activated Fluo-4/Ca at 100 m V, 250 mM CaCh in trans, EGTA from 
212 mM to 184 mM. At 250 mM CaCh, drop off is much steeper at correspondingly 
higher EGT A. 
3.4 Experimental Validation of Numerical Model 
We provide 488-nm illumination of a 30-nm thick low-stress LPCVD silicon 
nitride membrane with a TEM-drilled 4-nm pore with a custom-built TIRF microscope 
and acquire images and electrical current signals simultaneously with Andor Solis and 
custom Lab VIEW software. Concurrent fluorescence signal from a pore and 1-V curve 
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are shown in Figure 41. Spot size is measured as full-width/half-maximum. At negative 
voltage, no fluorescence is seen because calcium is prevented from entering the cis 
chamber. Peak fluorescence shows saturating behavior, indicative of total Fluo-4 and 
EGTA binding integrated with an exponentially decaying evanescent field, whereas spot 
size continues to increase linearly, indicating two-dimensional illumination of the 
surface. The I-V curve shows asymmetry due to the imbalance in chloride between cis 
and trans (1M cr in cis vs. 1.5M in trans, as cr flows from trans to cis at positive 
voltage). 
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Figure 41 I Peak fluorescence and spot size vs. voltage and I-V curve for 250 mM 
CaCh in trans and 4 J..l.M Fluo-4 in cis. 
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Our numerical models give good agreement with experimentally measured fluorescence 
vs voltage at various concentrations of calcium chloride (Figure 42). In the same pore, 
when illumination was switched from above the critical angle (TIR) to approximately 
epi-fluorescence, the fluorescence signal became more linear within the same range, 
consistent with deeper illumination into cis. 
800 
~ 
:::J 600 
~ 
(]) 
(.) 
c 
(]) 
(.) 
(/) 
(]) 
L.. 
400 0 
:::J 
u::: 
~ 
ro 
(]) 
11. 
200 
0 
-300 
• 
• 
• 
• 
D 
50 mM CaCI2 
150 mM CaCI2 
250 mM CaCI2 
750 mM CaCI2 
750 mM CaCI2 (epi) 
-200 -100 0 
Voltage (mV) 
100 200 300 
Figure 42 I Measured and modeled fluorescence vs. voltage 50-750 mM CaCb under 
TIRF illumination and 750 mM CaCb under epi-fluorescence illumination. 
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While these numerical simulations are simple approximations of the flow of ions and do 
not take into account every significant parameter (pore-to-pore geometrical variation, 
surface charge or transient effects involved with membrane capacitance and short 
timescale blocking during translocation of a highly charge polymer, to name a few), we 
show that the concentration field can be precisely varied from a total absence of calcium 
(and therefore, chemically activated donor fluorophore) to one that saturates all available 
calcium indicators within the TIR evanescent field. Using appropriate concentrations of 
EGTA, Fluo-4, and calcium allows work at an arbitrarily high resolution (as defmed by 
rate of decline of the calcium-bound Fluo-4) at experimentally useful external potentials. 
Such a device compares favorably with a zero-mode waveguide in that it restricts a two-
dimensional TIR field to one dimension, with a more flexible excitatory volume 
containing an inexhaustible and ever-renewing supply of donor molecules. This 
technique is quite general in that it should be feasible to use other chemical species 
indicators (such as magnesium or pH) if other wavelengths of excitation are desired. In 
principle, any species sensitive to chemical activation that may be partitioned between 
the cis and trans sides of the membrane can be used. 
3.5 Optical Detection of Unlabeled DNA 
For robust practical nanopore devices, taking measurements in parallel on a large 
array of pores simultaneously will be necessary. One approach has been to integrate 
electronics with the chips supporting either the solid-state membranes or lipid bilayers to 
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provide electrical isolation between each channel. Electrical measurements are attractive 
in that they are likely going to be, in the long term, the cheapest and fastest way for 
whole genome sequencing as well as for many other nanopore-based applications, as the 
measurement depends on the flow of electrolyte around the analyte of interest. In 
contrast, many other detection schemes require amplification or modification of the 
analyte and/or fluorescent tagging, adding both time and reagent cost to the overall 
process; however, the challenge of electrical-only detection schemes are the increased 
complication and expense involved with fabricating the devices, as each nanopore 
requires its own isolated patch-clamp amplifier circuit, which is further complicated by 
cross-coupling between nearby ( <1 Jlm) channels. In contrast, optical detection works 
well with many nanopore-fabrication technologies and is capable of detecting, in parallel, 
signals from many pores simultaneously, limited only in taking measurement from two 
adjacent pores simultaneously by the diffraction limit. A 512x512 pixel EMCCD could, 
in theory, take measurements on 262,144 pores simultaneously, while a 1024x1024 pixel 
EMCCD could sample from well over one million pores on a single chip. The limits of 
optical detection in this regime are limited primarily by the rate of technological 
improvement and the bandwidth, which is lower than electrical signals. On the low-cost 
end of the technology spectrum, it was recently demonstrated that a consumer camera on 
a mass-produced cell phone handset could be used as a low-cost microscope and 
spectrometer.94 For signals that do not require high bandwidth (e.g., detecting the long-
timescale or permanent binding to a nanopore, or very long translocation events), an 
optical signal could be a cheap way to acquire nanopore translocation data with a slightly 
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modified cell phone. To this end, if an optical signal can be shown to reproduce the data 
in an electrical signal, there are a number of applications that become immediately 
feasible. 
As described previously, we assembled a nanopore in our custom TIR cell and 
excited with a collimated 488 nm laser with Fluo-4 in the cis chamber. Using custom 
software, we simultaneously required current and optical data with Lab VIEW and Andor 
Solis, respectively, and applied 300 m V with 1 kbp, 8 kbp, or 10 kbp in the cis chamber. 
We then set a 4x4 bin around the center of the bright spot and calculated the average 
fluorescence intensity as a function of time, as shown in Figure 43. 
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Figure 43 I Synchronous electrical and optical detection of 1, 8, and 10 kbp DNA. 
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The optical signal was shown to mirror the electrical signal for the three samples tried. 
We note that the translocation time is longer than expected for the given pore size and 
voltage applied which is likely a result of the oppositely flowing EOF induced by the 
asymmetric calcium chloride in the trans only. Divalent ions such as magnesium and 
calcium are known to bind strongly to DNA and even induce condensation, so we cannot 
rule out an additional reduction in the effective charge of DNA when it is in the pore, 
which in tum would slow the DNA translocation down further. The possibility of local 
folding near the pore in the cis is also a possibility and future study will need to address 
this. The current flow inside the pore itself, however, appears to be a geometric reduction 
in the cross-sectional area, as the normalized fraction of the pore blocked is the same in 
both the electrical and optical signals as shown in Figure 44. 
74 
>-(.) 
c 
Q) 
:::J 
0'" 
~ 
LL 
0.0 
Electrical 
Optical 
0.2 0.4 
Normalized Blockade (a.u.) 
0.6 
Figure 44 I Is for electrical and optical signals of 8 kbp DNA translocation. 
We fabricated arrays ofnanopores with an FEI Quanta 3D dual-beam FIB/SEM and 
imaged them under the same conditions as the TEM-drilled pores. A subsection of pores 
is shown in Figure 45a. Measuring the average fluorescence intensity at the center pixel 
of each pore yields the traces shown in Figure 45b. 
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Figure 45 I a, Six pores of a 5x5 array of~ 7 nm FIB-drilled nanopores b, 
fluorescence intensity traces for each pore recorded simultaneously, labeled 1-9 from 
top left to bottom right 
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This demonstrates that it is possible to take measurements from multiple pores 
simultaneously that were fabricated with a technology more tractable to automation. 
Previously, in order to study the effect of the size of a pore on some aspect, such as DNA 
translocation time, each pore had to be manually fabricated with visual feedback on a 
TEM and each chip had to be manually assembled for each experiment. Although this is 
feasible for basic research in a lab, it would be attractive to do a single set of experiments 
on a single chip. Additionally, individual pores may be blocked with condensed DNA or 
some other organic matter or the ultrathin free-standing make break during cleaning or 
assembly. This is a significant bottleneck for nanopore research, but would be less of an 
issue ifthere was more redundancy built into each experiment (i.e., a subset of pores may 
become blocked, but as long as some remained open, the experimenter could still take 
data). 
3. 6 Optical Setup for Two Color Acquisition 
We modified our TIRF optical setup from the one-color acquisition shown in 
Figure 33 by adding an opto-split (dichroic beamsplitter to split emission light at 562 nrn 
and mirrors and lenses to shift them relative to each other so simultaneous images may be 
acquired with a single EMCCD), shown in Figure 46. 
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A two channel image of a Fluo-4 near a 4-nm pore under 100 m V bias with 50 mM CaCh 
is shown in Figure 47 with artificial coloring (green channel is 490-562 nm and the red 
channel is >562 nm). 
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Green Channel: 490-562 nm Red Channel: >562 nm 
Figure 47 I Two channel recording of 2 mM Fluo-4 fluorescing near a pore with 50 
mM CaClz in cis at 100 mV. Arrows indicate the location ofthe nanopore. 
Subtracting out the background fluorescence present while not applying a trans-
membrane bias, we can compute the leakage rate from the Fluo-4 fluorescence into the 
red acceptor channel at ~ 1:8. The leakage brightness is important because it will 
determine the backgrmmd for FRET acceptor partners in the red channel. 
Two-Color Single-Molecule Optical Detection 
In order to verify that we can see FRET between the donor calcium-bound Fluo-4 
molecules and an acceptor, we used the molecule shown in Figure 48. 
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NTV-TMR DNA 
Figure 48 I NTV-TMR immobilized in a 4-
nm solid-state nanopore 
We labeled a 16-bp biotinylated ssDNA (green) with neutravidin-tetramethylrhodamine 
(NTV-TMR) and hybridized it to a 90-bp ssDNA (purple) to test our system, where the 
NTV is too large to fit through a 4-nm pore with the DNA. Figure 49 shows a two-
channel recording while ramping the voltage from -100 m V to 500 m V and back in 100 
mV steps. 
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Figure 49 I Fluorescence signal from green and red channels ramping from -100 m V 
to 500 mV and back to -100 mV with dsDNA-NTV-TMR sample. 
With increasing voltage, the frequency and duration of blockades increases, indicating 
that the NTV is preventing translocation. The red channel is also noisier and has a 
number of fluorescence spikes not present in the green channel, perhaps indicative of 
TMR fluorescence. As bare silicon nitride is known to fluoresce in the red when excited 
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at 488 nm, it will be advantageous to work with thinner membranes or to explore surface 
modification, such as coating with Ti02, which has been shown to lower background 
fluorescence.44 
3. 7 Discussion and Summary 
We note that, while the PNP model of calcium distribution does not simulate 
more complex features (e.g., EOF) that will be important when considering the spatial 
distribution of ions on the order of the same size as the features of the pore, it strongly 
suggests that by varying the voltage and the concentrations of EGTA, Fluo-4 and CaCh, 
we can in turn create an arbitrarily sharp local concentration of a fluorescence source of a 
tunable volume. With the appropriate filters to spectrally isolate signals from donor and 
acceptor molecules, it is, in principle, possible to detect features on the order of single 
nanometers or below. 
Our initial experiments varying the concentrations of EGT A, Fluo-4 and CaCh 
while measuring fluorescence intensity validate the general predictions of our numerical 
model, and our proof of principle experiments show that unlabeled DNA translocation 
can be detected purely based on changes in the fluorescence, a method compatible with 
parallel detection from arrays of pores. 
Future work will explore the resolution limitations of our device, both with 
immobilized molecules, such as that shown Figure 48, and with labeled translocating 
molecules. 
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Summary of Research and Future Direction 
Addressing the temporal and spatial limitations of nanopores is critical to bringing 
nanopores out of the lab and into the field. This research made progress in enhancing 
both the temporal and spatial resolution of nanopores through chemical modification of 
the nanopore surface and through coupling ionic gradients with a fluorescence source. 
The first aim of this research, presented in Chapter 2, addressed temporal 
limitations ofnanopore sensors. By coating solid-state nanopores with pH-sensitive 
organic groups, we could control electrostatic and electro-osmotic effects on 
translocation time independent of other aspects of our system. It is increasingly apparent 
that electrostatics and electro-osmotic flow must be well understood for controlling 
translocation dynamics whether using biological or solid-state pores. Coating the surface 
of a pore with a chemical group is attractive because it does not degrade the ability to 
capture molecules or reduce the signal and may be done orthogonal to other strategies, 
such as coupling with processive enzymes, modifying bulk properties, or inducing 
electro-osmotic flow with salt gradients. 
The second aim of this research, presented in Chapter 3, addressed spatial 
limitations of nanopores. Numerical calculations show that it is theoretically possible to 
have an arbitrarily small field of donating emitters, which will enable high spatial 
resolution measurements on linear biopolymers during translocation or while 
immobilized near a pore. Experiments validated the simple model of our system and 
synchronous electrical and optical measurements of DNA translocation provide a proof 
of principle that biopolymers may locally interact with the field of donor fluorophores. 
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Furthermore, the density ofnanopores on a device is important for achieving truly high 
throughput and robust devices. By coupling optical detection schemes with electrically 
driven capture, we can expand measurements from single pores to arrays of pores. Future 
work will test the limits of the spatial resolution of this system, both in terms of density 
ofmeasurements per chip and in spatial resolution along the length of a biopolymer. 
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Appendix 
Procedure for electrical nanopore experiments 
A 20-45 run thick layer of SiN was deposited by LPCVD on 380 11-m Si wafers. 
Standard microfabrication techniques were used to create a free-standing SiN membrane 
between 2 11-m and 100 11-m. A 10-40 11-m window, on edge, was used for the majority of 
experiments in this research. Nanopores were fabricated via TEM or FIB sputtering and 
melting as described previously.43 The chips were cleaned in piranha solution (1 :3 35% 
(w/w) hydrogen peroxide:95% (w/w) sulfuric acid at 120°C for 15 minutes) and then 
thoroughly rinsed in ddH20. The chips were then assembled in a custom Teflon flow cell 
and sealed with quick-curing PDMS to separate cis and trans chambers. The chips are 
then immersed in degassed and 0.02 !liD-filtered salt buffer (typically 1.0 M KCl with 10 
mM Tris or potassium phosphate or HEPES buffered to pH 8, unless otherwise noted) 
with the only connection between the two chambers being the nanopore channel itself. 
The assembly is placed in a dark Faraday cage as the electrodes are very photosensitive 
and Ag/ AgCl electrodes are placed in each chamber with the positive electrode in trans 
and connected to an Axon 200B headstage. Unless otherwise noted, 300 m V was applied 
and DNA added to the cis chamber. A low-pass 100kHz filter was used. Current was 
acquired at 250 kHz and 16 bits with a low-noise DAQ card and events were analyzed 
with custom Lab VIEW software and/or Andor Solis. 
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Procedure for optical experiments 
Optical experiments followed procedure similar to electrical experiments with the 
addition of the use of a custom cell that incorporates a glass coverslip on the bottom of 
the trans chamber to enable illumination an emitted photon collection. The index of 
refraction for the electrolyte solution in the cis chamber was 1.33, whereas the trans 
chamber used the addition of 30% by weight urea for an index of refraction of 1.41 to 
facilitate TIR, since each index of refraction from the microscope and above must be less 
than the previous to achieve TIR in the cis chamber. Synchronous optical and electrical 
data were acquired with an iXon card and EMCCD and custom Lab VIEW and Andor 
Solis software. 
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